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^p- Abstract 

It is argued that the cross section for production of large black holes, for which a 
semiclassical description is applicable, cannot be given by the geometric area of the 
black hole horizon, as claimed recently in the literature. Rather the production cross 
section in a few-particle collision is suppressed by at least a factor exp(— Ie) with Ie 
being the Gibbons-Hawking (Euclidean) action for the black hole. Thus only essentially 
non-classical small black holes with mass of the order of the Planck mass can possibly 
be produced in few-particle collisions at trans-Plan ckian energies. 



Understanding nonperturbative effects of virtual and real black holes in particle collisions 
is a long-standing theoretical challenge |E H. One particular problem related to such effects is 
that of the cross section for production of black holes in particle collisions at trans-Planckian 
energies]^, |], [|. The intrigue in this problem stems both from the general issue of 'quantum 
gravity' and from the not yet completely understood problem of production of semiclassi- 
cal field configurations in high-energy collisions of quantum particles. The latter problem 
was extensively tackled in a non-gravity setting in connection with possible baryon and lep- 
ton number violating processes in multi-TeV particle collisions in the standard electroweak 
model, as well as generally in connection with nonperturbative multi-boson production in 
weakly coupled theories and also with the catalysis of a false vacuum decay by particle 
collisions 0. 

Clearly, trans-Planckian collisions in the standard gravity theory can only be of a purely 
'academic' interest in view of inaccessibility of the relevant energy scale. The situation 
however changes in the recently popular schemes with extra spatial dimensions of the space- 
time, with the new dimensions having an unusually 'large' size ||. In these schemes the 
equivalent of the Planck scale for the multi-dimensional gravity can be as low as in a TeV 
range, which suddenly brings the issue of trans-Planckian collisions into relevance for the 
LHC and possible other realistic future colliders ||. Most recently it has been claimed |TC| |TT 



that (multi-dimensional) large black holes should be copiously produced once the energy 
of colliding partons sufficiently exceeds the effective Planck scale, and that in fact such 
production can be a dominant process at LHC. This claim is based on the estimate of the 
production cross section for a black hole with horizon of a radius r# as given by the geometric 
area of the horizon: an ~ Ttr 2 H . In particular the claimed cross section grows as energy in a 
positive power (depending on the number of extra dimensions). 

The purpose of this paper is to argue that the probability of production of a large black 
hole, i.e. with the mass satisfying the semiclassical condition M# ^> Mpi, is not given by 
the geometrical cross section area, but rather is suppressed by the factor exp(— Ie) where 
I E is the Gibbons-Hawking actionO for the black hole, I E oc (Mh/MpiY - 2 ^ 1 - ^, with D 



being the total dimension of the space-time. It should be pointed out that the suppression 
of production of large black holes does not contradict the possibility || |J that production 
of black holes can be prominent at trans-Planckian energies. Rather it implies that the 
cross section might be unsuppressed for processes with production of only small black holes 
with mass M# of the order of Mpi, for which Ie = 0(1), and which cannot be treated 
semiclassically, if a treatment of such objects as resonances is possible at all. 



In the most part of the discussion here a normal four-dimensional gravity theory is un- 
derstood, and the straightforward generalization to higher dimensions is described in the 
end. Two lines of reasoning will be presented: one based on the path integral expression for 
the transition amplitudes, and the other one based on statistical/thermodynamical consid- 
erations. 

The process under discussion is of the type few — > H, where the initial state contains few 
particles (including the case of just two particles colliding), and H stands for a black hole 
with mass Mh 3> Mpi. The specification "few" for the number of particles implies here that 
the number of particles n is not considered as a large parameter^. The transition amplitude 
for this process is given by the path integral 

r H(t=+oo) 

A(few - H) = / exp(il[g, <j>}) V<j>Vg (1) 

J few(t=— oo) 

over all the field trajectories starting with incoming few particles in the distant past and 
ending as an outgoing black hole at t = +00, and where I\g,4>] is the action functional 
depending on the metric g and all the rest fields, generically denoted as 0. The probability 
then is given, up to non-exponential flux factors, by 

P(few - H) = £ A A , (2) 

H 

where the sum runs over the states of the black hole. For a large black hole a semiclassical 
calculation is justified. Noticing that the expression (Q) involves a configuration with a black 
hole existing over an infinite (Minkowski) time, the exponential part of the probability can 
be found from the full classical action for the black hole, described by the metric g, 

P(few - H) ~ exp(i /[#]). (3) 

It should be pointed out that the saddle-point expression ([J) describes the entire sum over 
the states of the black hole. 

The classical action in eq.(^) is given by the Gibbons-Hawking [fP2| formula, which for 
a non-charged black hole with mass Mh and the angular momentum J reads as I[g] = 
H E (M H ,J) with 

I E (M H , J) = 2ttG M 2 H (l + ^Uf J , (4) 

^o that factors like n\ cannot compete with the semiclassical exponential terms. Once this assumption 
is invalidated, at asymptotically large n one gets into the standard behavior of a classical collapse of large 
number of particles into a black hole. 



where G is the Newton's constant, and j = J/{GM H ) is the angular momentum in units of its 
maximal possible value. From this expression and eq.(|3|) one concludes that the probability 
of production of a large semiclassical black hole is necessarily exponentially suppressed. 
Moreover, the total probability of production of black holes with mass M# and with different 
angular momenta is dominated by the contribution of slowly rotating black holes. Indeed, 
the summation over the partial waves with different J is Gaussian and the exponential factor 
is determined by small J : 

P {few -» H{M H )) = £(2 J + 1)P {few -> H(M H , J)) ~ exp (-4vr G M H ) . (5) 

j 

In other words, the production of rapidly rotating black holes with j ~ 0(1), which is argued 

in Ref. jllj to be a typical process, is in fact even more heavily suppressed by the semiclassical 

exponent, while the typical angular momenta contributing to the sum (|5p are (J) ~ vG Mjj. 

It has been also argued |T0| that the reason for the claimed large cross section "is connected 



with the rapid growth of the density of black hole states at large mass" . However pursuing 
this argument quantitatively, leads in fact to the same suppression as in eq.(§). Indeed, the 
"density" (number) of states is determined by the entropy Sh = 4:1t G M h of the black hole 
as M = exp(Sjj)- The total probability of production of the black hole states (eq.fl2|)) can 
then be written as 

P{few ^H) = Y, \A{few -> H)\ 2 ~ M \A{few -> H)\ 2 . (6) 

H 



On the other hand, by the CPT symmetry the amplitude A{few — > H) is related [Q to 



the amplitude of decay of each state of the black hole into the considered state of "few" 



(anti)particles: \A{few —> H)\ 2 = \A{H — >■ few)\ 2 . The probability of such decay can be 
estimated from the black hole evaporation law with the temperature T# = l/(47rr/ l ): 

P(iJ^/e^)~|^(i/^7^)| 2 ~exp^-5:^=exp(-^) , (7) 

where E{ are the energies of individual particles. Thus, using the CPT reciprocity, the 
probability in eq.(|) can be evaluated as 

P{few ->H)~ exp (s H ~ ^rf) = exp (-4tt G M 2 h ) , (8) 

with exactly the same exponential suppression as in eq.(||). This agreement should come 
as no surprise, since the expression in fl8|) contains the free energy F H = M H — T H Sh, in 



agreement with the general thermodynamic expression for the probability as being given 
by exp(— F/T), and since the Euclidean space calculation of the action^] is what gives 
precisely F/T in a thermodynamic interpretation. 

It should be noted, that the estimate (|7]) of the decay probability from the evaporation 
of the black hole is not entirely without a caveat. Namely the standard consideration of 
evaporation [|l"4l , leading to the Gibbs factor exp(— Ei/T) per each particle, neglects the back 



reaction of the radiated particles on the black hole. In the process of decay into few particles 
the black hole disappears, and the effects of back reaction should be quite important. One 
might expect however, that these effects do not drastically change the exponent, estimated 
from the evaporation formula. Indeed, if the number of ( "few" ) particles n is a large number 
n ^> 1, the emission of each of these particles does not significantly affect the mass of the 
remaining black hole. Thus one might expect that the back reaction gives corrections to pre- 
exponent decreasing for large n. Extrapolating this behavior down to small n and eventually 
down to n = 2 may significantly change the pre-exponent in eq.([?p, but the back reaction 
effects are unlikely to compete with the large exponential factor. Certainly, the agreement 
of the result from this estimate with that from the path integral consideration can be argued 
as a reasoning for such behavior. 

One can also notice that the considered process few — > H is only a special case of a more 
general class of processes, where additional particles are produced in association with the 
black hole: few — > H + (few)'. The described path integral reasoning however is readily 
generalized to this case, and for a fixed mass Mh results in the same exponential suppression 
as in eq.(§). If, on the other hand, the total energy of initial particles is fixed and one is 
interested in the cross section of production of a black hole with any mass, it is clear that the 
exponential factor favors production of essentially quantum black holes with Mh = 0(Mp\), 
and the excess energy should be radiated away in the form of ordinary particles in the final 
state. If those small quantum black holes retain at least some nonperturbative features of 
the large classical ones, such processes are undoubtedly of an immense interest and may 
lead to qualitatively new phenomena, e.g. to violation of global quantum numbers (baryon, 
lepton, etc.) p| . 

Finally, one can readily generalize the suppression factor of eq. (|) to a multi-dimensional 
case, relevant for the models with extra dimensions, using the Gibbons-Hawking (Euclidean) 



action for a black hole in a D dimensional space-time ||15||: 
4vr M h r H 4vr M H 



(D-2)(D-3) (D-2)(D-3) 



(D - 2) tt(d-3)/2 V 2 



i'(^r^) CoMu 



l/P-3) 



(9) 

with Gu being the Z) dimensional Newton's constant. Thus in either number of dimensions 
the cross section for production of large black holes with mass Mh 3> Mpi exhibits an 
exponential suppression: a ~ exp[— c(D) (Mh/Mpip d ~ 2 ''( d ~ 3 >], with c(D) being a positive 
dimensionless constant, depending on the number of dimensions D. 
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